Introduction
Many researchers have paid much attention to the unsteady flow of a channel having various obstacles such as fins, ribs, baffles or plates [1] - [10] . The highly unsteady flows have positive influences on the heat transfer enhancement, because it can provoke the flow mixing [1] [2] . In particular, the plate of those obstacles has the geometric advantages to control the flow unsteadiness depending on the variation of plate height, plate interval, and inclination angle. In general, the laminar flow in a channel becomes turbulent flows, as the Reynolds number increases. The turbulent flow is characterized by chaotic changes related to coherent vortices of many scales. So, the occurrence of many vortices can be connected directly to the turbulent flow or unsteady laminar flow. From this point of view, the disturbed flow by the plate is very interesting to study the unsteady evolution.
From the previous studies [3] [4] for a channel having the plates/baffles mounted normally in the streamwise direction on both channel walls, it was found that the flow instability is strongly correlated to the wall heat transfer. Zhan and Park [5] studied the effect of insulated oblique plates on oscillating flow in a channel. The result revealed the significant heat transfer enhancement by activating unsteady flow due to the oblique plate mounted on the channel wall. Yang et al. [6] - [8] identified that the velocity fluctuation is responsible for the heat transfer enhancement. They investigated the effects of baffle interval and Reynolds number on the flow instabilities. On the other hand, several researchers [9] [10] investigated the influences of baffle shape on the heat transfer in a duct flow. The results showed that the vortical flows caused by the angled baffles induce the increase in heat transfer rate. Accordingly, we can expect that the development of unsteady vertical flows is a primary factor to enhance the heat transfer in a channel or duct. However, when obstacles are introduced in a channel or duct, the detailed evolution of unsteady flows is scarcely reported in the literature.
In the present study, the unsteady flow for the channel having a wall with periodic plates is investigated. For a channel with various obstacles, as the Reynolds number increases, the two-dimensional steady flow becomes a time-periodic and chaotic flow. This can be explained by a bifurcation theory. An example is Hopf bifurcation where a steady state bifurcates into a time-periodic state. Compared with other obstacles, the plate has a geometrical advantage to realize various flow conditions using one configuration. The channel flow with plates can be diversely changed depending on the inclination of plates. So, this study attempts a parametric study to examine the effects of geometrical variation on the unsteady flow characteristics for the channel flow with plates. The plate interval is 2 H and the plate length is 0.4 H. The inclination angle of the plates are changed for 60 -120 α =  . The effects of the inclination angle on the critical Reynolds number for Hopf bifurcation and the spectral analysis are discussed. After that, as the two-dimensional unsteady flow develops further, the flow transits to three-dimensional structure. So, several simulations are performed to elucidate three-dimensional unsteady flow characteristics
Numerical Methods and Flow Condition

Governing Equation
The flow is two-dimensional with constant properties. The x-axis is taken in the flow direction and the y-axis is perpendicular to the flow direction. The flow is assumed to be laminar and incompressible. Buoyancy induced effects are neglected. The governing equations for continuity, momentum and temperature are given by
where , , i U P µ , are the velocity components, pressure, temperature, viscosity and Prandtl number, respectively.
Quantities such as , ρ µ are set as air properties at room temperature. 1 F represent the stream wise mean pressure gradient, which needs to be calculated dynamically in order to maintain a constant mass flow rate and 1i δ is the kronecker delta.
Numerical Methods and Boundary Condition
The spatial discretization is performed with the fourth-order compact scheme. The viscous term and the other terms are evaluated by the fourth-order central difference. A nonstaggered grid arrangement is adopted and the momentum interpolation techniqueis employed to avoid pressure-velocity decoupling. The PISO algorithm is employed for pressure-velocity coupling [11] . The momentum and energy equations are solved with secondorder upwind scheme. Zhan and Park [5] adopted the same computational method. Periodic boundary condition with constant mass flow rates is specified at the inlet and outlet of the channel. No-slip and constant wall temperature conditions are specified on the upper and lower walls of the channel. Oblique plate is insulated. Figure 1 shows the flow geometry and the coordinate system. It is consisted of two walls channel of height H with insulated a thin oblique plate (t = 0.02 H) on the upper wall. No-slip and constant wall temperature 
Oblique plate is insulated. Because the flow is maintained at Re = 350, the steady flow can be bifurcated by the variation of tilt angles.
Result and Discussion
In order to examine the three-dimensional heat transfer for channel with oblique plates, two-dimensional simulations is performed to analyze basic transition process from the steady state to unstable state. For all selected tilt angle, the relationship between the flow frequency and the tilt angle is studied.
Two-Dimensional Flows
The presence of periodic oblique plates in a channel wall makes the flow unstable. When the flow evolves from a steady state to time-dependent self-sustained periodic flows, the critical Reynolds number ( Re cr ) can be de- 2 f , its trajectory of u and v velocity is limit cycle also. As increasing tilt angle to 80˚, a secondary instability occurs and a new characteristic fundamental frequency 2 f and their linear combinations ( 1 2 mf nf + ) appears, which represents the flow evolved into a quasi periodic flow regime [12] . Here m and n are integers. As we conjectured, the tilt angles of the plate completely control the flow field. The flow with large-amplitude oscillations is more unstable and is more easily to bifurcate into chaotic regime. 
Characteristics of Three-Dimensional Flows
According to the above analysis, the change of the tilt angle brings significant change in flow characteristic. In order to detect the 3D flow, the two-dimensional flow field is expanded in the spanwise direction. Figure 4 shows the time evolution of u-velocity for all tilt angles at two different points. Both of two points are taken at / 5 x L = , cos y H d α = − , and in span wise direction, 0, / 2 z H = respectively. For all tilt angles, two-dimensional T-S wave grows with time and becomes unstable to three-dimensional perturbation. The two curves are identical before the appearance of the 3D disturbance, due to the secondary instability which induces the three-dimensional flow is not prevailing compared with the basic flow. After the different initial time, however, the secondary instability becomes big enough to distort the basic flow, the two curves deviate both in magnitude and in phase. 3D perturbation is infinitesimal for 60 α = . For different tilt angle, initial time that the base mean flow is distorted leading to 3D flow is different. When 90 α = , the initial time is shortest. That may be influence the heat transfer in 3D. (Figure 3) , as the tilt angle increases, vortex is expanded to spanwise direction, inducing the appearance of the multiple frequencies. the transition from the periodic state to chaotic state is obtained quickly. For the geometric condition having multiple frequencies, the flow becomes chaotic not turbulent, because coherent vortices are not produced.
Conclusions
